The synthesis and characterization of a flexidentate pyridine-substituted formazanate ligand and its boron difluoride adducts, formed via two different coordination modes of the title ligand, are described. The first adduct adopted a structure that was typical of other boron difluoride adducts of triarylformazanate ligands and contained a free pyridine subsituent, while the second was formed via chelation of nitrogen atoms from the formazanate backbone and the pyridine substituent. Stepwise protonation of the pydridine-functionalized adduct, which is essentially non-emissive, resulted in a significant increase in the fluorescence quantum yield up to a maximum of 18%, prompting study of this adduct as a pH sensor. The coordination chemistry of 
Introduction
Boron adducts of N-donor ligands are of significant interest as a result of their use in a variety of applications. [1] [2] [3] Common examples, including BODIPYs, 2 aza-BODIPYs 4 and BOPHYs, 5 have been used in photovoltaics 6, 7 and batteries, 8 for cell imaging 9, 10 and photodynamic therapy, 1 and as electrochemiluminescence (ECL) emitters. 11, 12 Sensing with boron adducts of N-donor ligands is another widely explored area, [13] [14] [15] [16] [17] though their use in pH sensing remains relatively 4
One way to expand the range of properties associated with boron adducts of N-donor ligands is by the incorporation of additional heteroatoms into ligand backbones toward the realization of multiple coordination modes for a single ligand (i.e., flexidentate ligand behavior). For example, the Svobodová group has synthesized flexidentate cyclic enaminone ligands that form diphenyl boron adducts 5a and 5b. They observed irreversible conversion of 5a into 5b at elevated temperature. Similarly, the Aprahamian group has developed a flexidentate hydrazone ligand, 35 which formed BF 2 adducts 6a and 6b under typical conditions for the installation of 'BF 2 ' groups. 36 The authors used 6b, which exhibits visible light cis-trans isomerization, for a variety of applications including the measurement of solution viscosity 15 and detection of acids and bases. 13 Our group is interested in the chemistry of formazanate ligands and their boron adducts. We, and others, have previously shown that these compounds are fluorescent and have interesting electronic properties, which are tunable through substituent variation. [37] [38] [39] [40] [41] Their utility as 6 referenced to BF 3 •OEt 2 at 0 ppm and 19 F spectra were referenced to CFCl 3 at 0 ppm. Mass spectrometry data were recorded in positive-ion mode using a high-resolution Finnigan MAT 8400 spectrometer using electron impact ionization or a Micromass LCT electrospray time-offlight mass spectrometer. UV-vis absorption spectra were recorded using a Cary 5000 instrument. Four separate concentrations were run for each sample and molar extinction coefficients were determined from the slope of a plot of absorbance against concentration. FT-IR spectra were recorded using an attenuated total reflectance (ATR) attachment using a Bruker
Vector 33 FT-IR spectrometer. Emission spectra were obtained using a Photon Technology
International QM-4 SE spectrofluorometer. Excitation wavelengths were chosen based on λ max from the respective UV-vis absorption spectrum in the same solvent. Fluorescence quantum yields were estimated relative to [Ru(bpy) 3 ][PF 6 ] 2 and corrected for wavelength dependent detector sensitivity ( Figure S1 ).
50,51

Electrochemical methods
Cyclic voltammetry experiments were performed with a Bioanalytical Systems Inc. (BASi)
Epsilon potentiostat and analyzed using BASi Epsilon software. Electrochemical cells consisted of a three-electrode setup including a glassy carbon working electrode, platinum wire counter electrode and silver wire pseudo reference electrode. Experiments were run at scan rates of 100 mV s −1 in degassed CH 2 Cl 2 solutions of the analyte (~1 mM) and supporting electrolyte (0.1 M
[nBu 4 N][PF 6 ]). Cyclic voltammograms were referenced against an internal standard (~1 mM ferrocene) and corrected for internal cell resistance using the BASi Epsilon software.
X-ray crystallography details
The samples were mounted on a MiTeGen polyimide micromount with a small amount of The data collection strategy included a number of ω and φ scans which collected data over a range of angles, 2θ. The frame integration was performed using SAINT. 52 The resulting raw data was scaled and absorption corrected using a multi-scan averaging of symmetry equivalent data using SADABS (8a, 8a•H + , 8b, 9a, 10b) 53 or TWINABS (10a). 54 The structure was solved by using a dual space methodology using the SHELXT program. 55 All non-hydrogen atoms were obtained from the initial solution. Hydrogen atoms were introduced at idealized positions and were allowed to refine isotropically (8a, 8b), allowed to ride on the parent atom (10a, 10b), or a combination of the two methods were used (8a•H + , 9a). The twin fractions of 10a refined to values of 0.3337 and 0.1632. The structural model was fit to the data using full matrix leastsquares based on F 2 . The difference map of 9a and 10a showed regions of electron density that could not be accurately modeled accurately. Thus the PLATON SQUEEZE calculated structure continued on this data. All structures were refined using the SHELXL-2014 program from the SHELXT suite of crystallographic software. 55 See Table S1 and CCDC 1555851−1555856 for additional crystallographic data.
Formazan 7
In air, p-tolylhydrazine hydrochloride ( 
Results and Discussion
Formazan 7 was synthesized by adapting a published procedure (Scheme S1, Figure S2 , S3). 57 The subsequent reaction with BF 3 Table 2 ). Adduct 8a has a wavelength of maximum absorption (λ max ) of 507 nm, typical of BF 2 adducts of triarylformazanate ligands. 37 Adduct 8b exhibits two low-energy maxima at 404 and 457 nm, which are of similar intensity relative to the maxima observed for 8a. The absorption spectra of 8a and 8b in toluene and THF are unchanged relative to those collected in CH 2 Cl 2 , indicating that the absorption maxima likely arise due to π→π* transitions rather than charge transfer. Both 8a and 8b are essentially non-emissive, with fluorescence quantum yields (Φ F ) less than 1%. 6 ] as supporting electrolyte at a scan rate of 100 mV s −1 . All voltammograms were referenced internally against the ferrocene/ferrocenium redox couple.
b Irreversible peak, potential at maximum cathodic current reported.
Adducts 8a and 8b are electrochemically active ( Figure 3 , Table 2 ). Both adducts exhibit a reversible one-electron reduction wave (8a: E red1 = −0.99 V; 8b: E red1 = −1.53 V) and a second irreversible reduction wave (8a: E pc = −2.00 V; 8b: E pc = −2.09 V). The separation of these waves was much larger for 8a (ΔE = 1.01 V) than 8b (ΔE = 0.56 V). The electrochemical behavior of 8a is consistent with that of other triarylformazanate BF 2 adducts, 37 and the electrochemical behavior of 8b is comparable to related azo-benzene species. 
Protonation Chemistry
We have long postulated that the emission intensity observed for BF 2 adducts of triarylformazanate ligands is attenuated by non-radiative relaxation pathways associated with rotation and/or vibration of the 3-aryl substituents. 39 We therefore chose to explore protonation chemistry using p-toluenesulfonic acid (p-TsOH) as a method for limiting vibration/rotation in 8a. A change in the colour of solutions of 8a and shifts in the corresponding 1 H NMR spectra were observed under acidic conditions. The fluorescence intensity also increased significantly upon acidification of solutions of 8a. The pH dependence of fluorescence was therefore studied, revealing a linear increase in fluorescence intensity with decreasing pH (Figure 4 ). At pH > 4, Φ F remained constant at ~1%. However, at lower pH, Φ F increased to a maximum value of 18%. This represents the highest reported Φ F to date for a BF 2 adduct of a triarylformazanate ligand, and corroborates our previous hypothesis surrounding the role of the 3-aryl substituent as a fluorescence attenuator. We also observed a slight red-shift in the wavelength of maximum emission (λ em ) as the fluorescence intensity increased, from 626 nm at pH 4 to 633 nm at pH 0. This is consistent with a change in the wavelength of maximum absorption upon decrease of pH in the absorption spectra from 507 nm (pH 4) to 540 nm (pH 0) ( Figure S8 ). After isolation of the protonated adduct, the 1:1:1:1 quartet and 1:2:1 triplet in the 19 F and 11 B NMR spectra were retained, and 1 H and (Table 3 ). In the case of 8b, no change was observed in the 1 H NMR and UV-vis absorption spectra, even upon exposure to concentrated HCl and pTsOH, indicating that protonation did not occur. 
Nickel(II) Coordination Chemistry
Both 8a and 8b have the potential to act as bidentate N-donor ligands. We therefore attempted to study their coordination chemistry as a method for modulating their physical and electronic properties. This reactivity was probed using several nickel(II) sources, as we intended to probe the effect of metal coordination on ligand properties in the absence of metal-based redox . Solid-state structures of 9a, 10a, and 10b. Anisotropic displacement ellipsoids are shown at 50% probability and hydrogen atoms as well as the triflate counterions (9a) and cocrystallized solvent (9a, 10a) have been removed for clarity. The second BF 2 adduct of 9a and the hfac ligands of 10a and 10b have been made wireframe for clarity. All three nickel(II) complexes absorb strongly between 450 and 600 nm ( Figure 7 , Table 2 ). The molar absorptivity of 9a is significantly higher than that of 10a or 10b, due to the presence of two BF 2 adducts in the complex. The λ max of 9a is essentially unchanged from that of the parent ligand 8a (509 and 517 nm, respectively). In contrast, the λ max values are shifted significantly in the complexes which are coordinated to Ni(hfac) 2 (10a: Δλ max = -22 nm; 10b: Δλ max = 50 nm).
In complex 10b, a second intense absorption at a wavelength of 389 nm was also observed. Despite the rigidification of the pyridine substituent by nickel(II) coordination, each of the nickel(II) complexes were non-emissive. Figure 7 . UV-vis absorption spectra of 9a, 10a, and 10b in CH 2 Cl 2 .
Nickel(II) complexes 9a, 10a and 10b are electrochemically active ( Figure 8 , Table 2 ). Complex waves imply that the electron-rich nature of the formally trianionic complex resulting from the reduction at −0.99 V has a significant influence over the subsequent reduction step. Both events occur at less negative potentials than the corresponding events observed for 8a. These findings confirm that the electron-withdrawing nickel(II) makes the BF 2 adduct more electron poor, and thus easier to reduce.
Scheme 2.
Electrochemical reduction of nickel(II) complex 9a. The charge on ligand 8a has been specified for clarity.
Similarly, two ligand-centered reductions were observed at potentials of −0.64 V and −1.58 V in the cyclic voltammogram collected for 10a. Again, both of these reduction processes occur more easily than those observed for 8a. However, 10a is not as easy to reduce as 9a (8a: E red1 = −0.99 V; 9a: E red1 = −0.31 V; 10a: E red1 = −0.64 V). Two reduction events were also present in the CV of 10b, albeit at much less negative potentials.
Similar to the nickel(II) complexes of BF 2 adduct 8a, each process was observed at less negative potentials (shifted by 0.61 and 0.91 V respectively) compared to the free ligand. As a result, the second reduction was reversible in metal complex 10b, whereas it was irreversible in 8b.
Scanning to further negative potentials in 10a and 10b, an irreversible reduction is observed, which can be attributed to reduction of the hfac ligands ( Figure S11 ). 
Conclusions
In conclusion, we have synthesized a pyridine-substituted triarylformazanate ligand that can adopt two different coordination modes upon reaction with sources of 'BF 2 '. The first adduct, 8a, coordinated to the BF 2 through the aryl-substituted nitrogens of the formazanate backbone, and contained a pyridine substituent. The second adduct, 8b, coordinated through one of the formazanate nitrogens, as well as through the pyridine nitrogen, and beared an azotoluene substituent. The free pyridine moiety in 8a could be protonated, and upon protonation, the Φ F increased substantially to a maximum of 18%. The use of complex 8a as a fluorescent pH sensor was also demonstrated, with linear fluorescence responses observed below pH 4. Finally, both BF 2 adducts were shown to act as redox-active ligands when coordinated to nickel(II) ions. In the case of Ni(hfac) 2 complexes 10a and 10b, the absorption profiles were red-shifted significantly from adducts 8a and 8b and ligand-centered reduction events occurred at much less negative potentials. This work, for the first time, has demonstrated that the properties of BF 2 formazanate adducts can be modulated using protonation or coordination chemistry, paving the way for the rational design of future generations of functional materials derived from adducts of formazanate ligands.
